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SUMMARY 

An investigation was made to detezmine the maximum (quantity of 
water that could he Injected either into or ahead of a single can- 
type comhustor without reducing the attainable comhustor-outlet tan- 
perature helow the value req.uired for engine operation and without 
the appearance of liquid water at the combustor outlet. The inves- 
tigations were conducted at simulated conditions of military-rated 
An gina speed of 7600 rp®j zero lam, and obtainable altitudes cf 
15,000 to 45,000 feet. Water was injected from spray nozzles at 
each of four stations: (l) ahead of the combustor, simulating 

injection ahead of the compressor in the engine; (2) into the 
upstream end of the combustor; (3) into the combustor halfway along 
its length; and (4) into the downstream end of the ocsnbustor. 

The TnATinuTtn total llquid-alT ratio attainable without reducing 
the attainable combustor-outlet temperature below the required value 
for engine operation with water Injection at eacdi cf the four sta- 
tions at an altitude of 30,000 feet was: 0.065 at station 1; 0.044 at 

station 2; 0,097 at* station 3; and -0.129 at station 4. With water 
injection at stations 3 or 4, however, liquid water passed through 
the combustor when the total liquid-air ratio exceeded a -value of 
about 0.07. The resvilts indicated that water injection at or near 
station 3 mside possible the at-bainment of the hipest to-bal liquid- 
air ratios for the conditions at -which the required ccanbvis-bor- 
outlet temperatures were at-balned and no liquid -water appeared at 
the combustor outlet. 


IHTEODIKITION 

Because a reaction motor has a low propulsive efficiency at" 
low airspeeds, means of augmenting the thrust cf some types of 
reaction mo-bor for -bake-off and power spurts during flight are of 
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interest. Various methods of augzoenting the thrust of turbojet 
ei3glnes are helag investigated at the NACA CleTeland lahoratoxT-. 
Thrust augmentation can he obtained by an increase in mass f low 
throu^ the engine or by an Increase in temperature that results in 
a higher Jet Telocity of the e^diaust gases. 

Three types of augmentation being considered a3:e; 

1. Liquid injection ahead of the compressor. Evaporation of 
the liquid produces lower temperatures throu^out the compression 
cycle and Increased air densities for the same engine rpm. 

2. Liquid injection with air bleedoff ahead of the combustor. 
Liquid is injected ahead of the compressor emd also injected 
directly into 'tiie combustor. The liquid injected into the combustor 
will be evapozated in the hot combustion products, thus requiring 
higher fuel-flow rates for the engine in order to maintain normal 
combustor-outlet temperatxxres . In addition, air is bledoff Just 
aheeui of the combustor in proportion to the qiiantlty of liquid 
added in the combustor. The bleedoff air is directed to an auxil- 
iary burner and burned with the stoicdiiometrlo quantity fuel, 
resulting in a hi^- temperature, high-velocity auxiliary Jet. 

3. Tail-pipe burning. Tail-pipe burning consists in providing 
an avixiliary burner between the turbine outlet and exhaust nozzle 
of a turbojet engine. The additional combustion in the tail pipe 
heats the turbine exhaxist gases to a temperature far above the max- 
imum possible turbine- inlet temperatures. The Increased temperature 
of the gases at the exhaiist-nozzle inlet results in a substantially 
increased Jet velocity. 

The purpose of the investigation reported herein was to deter- 
mine the maximum quantity of water that can be injected into or 
ahead of a single can- type combiistor designed for a t^lrboJet engine 
having a military rating of 4000 povuads thrust at a rotor speed of 
7600 rpm and an 11- stage axial-flow compreseor wi'Wiout resulting in 
insufficient energy output to drive the engine and without liquid 
water passing through the combustor. 

Investigations were conducted at a simulated engine speed of 
7600 rpn, zero ram, and obtainable simulated altitudes of 15,000 to 
45,000 feet. The performance cf this combustor without liquid 
injection is reported in reference 1, 
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APFABATOS AND INSTHUMEHilTAIEION 

One can-type com'bustor of a tur'bojet engine having a thrust 
lating of 4000 pounds and an 11-stage axial-flow compressor was con- 
nected to the laboratory air supply. The air temperature was con- 
trolled by a suitable preheater. Pressure and air flow in the com- 
bustor were manually regulated by valves located upstream cmd 
downstream of the combustor. The e:diaust gases were cooled by water 
sprays before entering liie laboratory altitude- ejdiaust system. Fuel, 
AN-F-32, Amendment-3, (JP-1), was introduced throu^ a dual-control 
spray nozzle furnished by the manufacturer. Temperature of the 
incoming air was measured by two thermocouples in pla ne A-A, (See 
fig. l7) Temperature of burner discharge gas was measured by 
35 thermocouples in pleuie B-B, which is in the approximate position 
of the turbine. Three thermocouples were installed in plane C-C to 
determine whether combustion (afterburning) was present between 
planes B-B and C-C. 

The apparatus is the same as that described in reference 1, 
with the following exceptions: 

1. Spray nozzles injected water into the combustor at four dif- 
ferent statlo3is (fig. 1) . Station 1 was located 62 inches upstream 
of the entrance diffuser on the combustor j stations 2, 3, and 4 were 

on planes 22, 13^, and 4g inches, respectively, upstream of the com- 
bustor outlet. Water at station 1 was injected in the downstream 
direction from a single, centrally located, 80-gallon-per-hour, 
hollow-cone spray nozzle. At each of stations 2, 3, and 4, four noz- 
zles were circumferentially installed 90® apart emd so Interconnected 
that either two opposing nozzles or all four nozzles could be used. 
Three nozzle sizes, 30- , 40- , or 60-gallons-per-hour, were used in 
conjunction with the two- or four-nozzle injection system to obtain 
the water-flow rates desired. The water flow was measured by cali- 
brated TOtameters. 

2. The electric air preheater used in refer«ioe 1 was replaced 
by a gasoline preheater. 

3. The chromel-alumel thermocouple Junctions at plane B-B were 
covered with Inconel weld metal (fig. 2) to increase the operable 
life. 


I 
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METHODS . 

InTestigatlons were conducted on the combustor to determine the 
limiting amount of water in;}eotlon at each of the four stations over 
a range of simulated altitudes from 15,000 to 45,000 feet at a simu- 
lated engine speed of 7600 rpn and zero ram pressure. Combustor 
Inlet-air conditions were maintained for each altitude and speed 
point selected at values detezmlned from engine perfozmance Investi- 
gations made in the Cleveland altitude wind tunnel (reference 2), 

The required operating conditions from reference 2 are shown in 
figure 3. At each altitude Investigated, water was added at one 
of the four inflection stations until the combustor-outlet tempera- 
ture required for engine operation without water Injection at that 
point could not be maintained regardless of fuel flow or until 
combustion became unstable and blow-out occurred. The same jpro- 
oedure was followed for the other thx«e Injection stations. The 
water- Injection limit was detezmined by either insufficient outlet 
temperature or no burning in the combustor. 

The air flow, pressure, and tempezature at the combustor inlet 
were maintained at the same values during the water- injection inves- 
tigations as specified for burner operation without water addition, 
whereas the fuel-air ratio was Increased to compensate for the cool- 
ing effect of the water Injected, 


EESDLTS ABD DISCCSSIOB 

The gasoline Inlet-alr preheater used In these Investigations 
consumed a maximum of 4,5 percent of the oxygen originally available 
In the air supply but had no apparent effect on the combustor opera- 
tion. Combustion eiff Iclency was the same using the electric Inlet- 
alr pz^heater as for the gasoline Inlet-air preheater for the same 
Inlet oondlticms of teizQ>erature, pressure, and velocity. 

The maximum total Uquld-alr zatios and corresponding fuel-air 
ratios with water injection at 'Uie various stations and fuel-air 
ratios with no water injection for the can-type combustor operating 
at simulated conditions of zero zam, 7600 rpm, and varloiis altitudes 
are shown in figure 4. The solid curves represent the water- 
Injectlon limits; stable combvuator operation is therefore obtained 
at altitudes and liquld-alr ratios or fuel-air ratios to the left 
of the curves, -«&ereas opezatlcm to the rlf^t of the curves results 
in insufficient combustor-outlet temperature or blow-out. The 
dashed curve shows the fuel-air zatio without water injection 
required at each altitude to give the required combustor-outlet 
temperature. Data at simulated altitudes below 15,000 feet were 
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unobtainable due to limitations in the laboratory air-supply and 
exhaust facilities. Ihe water- inject ion data presented are uncor- 
reoted for changes in humidity. 

A comparison of the curves o£ figure 4 is presented in figure 5. 
The following table presents the TTw.fi TtmTn total llq,uld-alr ratios a-rifl 
the corresponding fuel-air ratios (from figs. 4 ft-nfl 5) for water 
injection at each of the four stations at altitudes of 20, OCX), 

30,000, and 40,000 feet. Also shown in the table are values of fuel- 
air ratio for no water injection at each of the three altitudes. 


Water- 

Slmulai 

bed altitude, j 

E“t 

injection 

20,000 1 

30,000 

40,000 

station 

Liquid- 

Fuel- 

Liq.uid- 

S^iel- 

Idg^uid- 

Fuel- 


air 

air 

air 

air 

air 

air 


ratio 

ratio 

ratio 

ratio 

ratio 

ratio 

1 

0.063 

0.026 

0.065 

0.026 

0.048 

0.025 

2 

.046 

.025 

.044 

.024 

.043 

.026 

3 

.10 

.028 

.097 

.028 

.066 

.026 

4 



.129 

.036 

.094 

.031 

No water 
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The highest values of maximum total liq.uid-air ratio and the 
altitude at which it was obtained for water injection at each of 
the four stations in the altitude range investigated are presented 
in the following table: 


Water- 

injection 

station 

Highest value of 
maximum total liquid- 
air ratio in range 
investigated 

Altitude for highest 
value of total liquid- 
air ratio, ft 

1 

0.066 

29,500 

2 

.046 

20,000 - 35,000 

3 

.110 

22,500 

4 

, .129 

30,000 


The ccanparatively low values of maximum total llq.uld-alr ratio 
for injection at stations 1 end 2 indicate that the presence of 
water or water vapor at the upstream end of the combustor has an 
adverse effect upon combustion with injection directly into the 
combustion zone being more detrimental than injection upstream. 

(See figs. 6 and 7.) The injection of water further downstream 
in the combustor (stations 3 arki 4) allows the attainment of higher 
liq.uid-air ratios without reducing the obtainable combustor-outlet 
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temperature belcw the rec[uired value. With injection in station 4, 
the mEa±tnum total liquid-air ratio increased continually with 
decrease in altitude throughout the range of altitudes investigated 
(figs, 4(d) anfi 5); the investigation was not extended helow simu- 
lated altitudes of 30,000 feet for reasons that will he subsequently 
discussed. At some of the higher liquid-air ratios with injection 
at stations 5 ar>A 4, the water was not all vaporized before passing 
the plane corresponding to the turbine inlet in the engine 
(plane B-B), as is Illustrated in figures 8 and 9, 

Plots of the temperature distribution at the combustor outlet 
(plane B-B) are shown in figures 6 to 9 for representative altitudes 
with water injection at each of the four stations in quantities 
close to the maximum obtainable without reducing the combustor- 
outlet temperature below the required value. Also shown in fig- 
ures 6 to 9 are outlet-temperature profiles obtained with no water 
injection. It was difficult to estimate the average combustor- 
outlet temperature during the course of the investigations; con- 
sequently, the average outlet temperatures shown are only approx- 
imately equal to the values required for nonaccelerating engine 
operation at the simulated flight conditions. 

With water injection at stations 1 and 2 (figs. 6 and 7, 
respectively), there were no indications of liquid-water impingement 
on the thermocouples at the combustcnc outlet. With injection at 
station 3, however, the outlet temperature profiles (fig. 8) indi- 
cate water impingement on the thexmocouples at all but the highest 
altitude (40,000 ft) for which the outlet-temperatia:«-profile data 
are presented. The presence of liquid water at the combustor out- 
let is indicated in figures 8 and 9 by the shaded areas. Inside 
these shaded areas ten^ratures were usually less than 500° F, 
whereas the temperatures only a small fraction of an Inch away were 
well above 1000° F. Temperatures inside the shaded regions are 
generally higher than the correspoxiding saturation temperatures 
because the theimocouples were alternately exposed to drops of 
water and to hot gases. For the conditions where the low thermo- 
couple indications were encountered, liquid droplets were also 
visible through the downstream observation window. Ihe high values 
of total llqviid-air rates with water injection at station 3 indi- 
cated in figure 5 are therefore only obtainable with liquid water 
passing through the combustor. 

With water injection at station 4, the outlet temperature 
profiles .in figure 9(d) indicate passage of liquid water at a simu- 
lated altitvide of 30,000 feet. No investigations were made to deter- 
mine the injection limits at lower simulated altitudes because the 
quantities c£ liquid passing through the combustor appeared large 
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when observed throu^ the observation ■window, althou^ the thermo- 
couples at the oombustor outlet indicated lig.uid-'water passeige 
throu^ only a small portion of the outlet duct. The combustor- 
outlet thermocouple readings therefore do not afford Ein adequate 
indication of the presence of liquid water at the oombustor outlet. 

The maximum total llquld-alr ratios at-balnable ■wl'bhout reducing 
the a-verage combus’bor-outlet temperature below the required -value 
were therefore considerably in excess of those liquid-air ratios 
where liquid -water appeared at the combus-fcor outlet when the -water 
-was injected at s-batlons 3 or 4. With injection at these s-bations, 
liquid -water passed through the ccaabustor when the -total liquid-air 
ratio exceeded a -value of about 0.07. Wl-th -water injection at 
s-fcations 1 or 2, however, there was no indication of liquid water 
at the combiistor outlet. 

The results indicate that the injection of -water at station 3 
gave the highest to-fcal liquid-air ratios for the conditions at 
■which the required cambustor-outlet temperatures are attained and 
no liqiiid water appears at the combustor outlet. 

The water- injection rates and the fuel- injection rates are 
presented in figures 10 and 11, respectively, for operation of -fche 
combustor at -various altitudes with -water injection at each of the 
four stations at the maximum rate attainable -without reduction of 
the combustor-outlet temperature below -fche required -value. The 
fuel-flow rates necessary -with no -water injection to give the 
required combustor-outlet temperatures are shown in figure 11, 


SmmRY OF EESDITS 

The results obtained in the investigation of a can-type com- 
bustor at conditions simulating zero ram, 7600 rpm, -various altitudes, 
and -with water injection at each of the following foiir stations are 
summarized; station 1, 62 Inches upstream of entrance diffuser on 
combustor; s-fcation 2 (at upstream eni of liner) 22 inches upstream 
of outlet flange of oombustor; station 3 (approximately halfway down 

liner) 13- inches upstream of outlet flange of combustor; and s-fca- 
4 

tion 4 (near outlet from liner) 4^ inches upstream of outlet flange 

2 

of combustor. 

1. The maximum total liquid-air latios attainable without reduc- 
tion of the attainable combustor-outlet temperatures below the -values 
required for engine operation were; 



Waters 

Simulated altitude, ft 

injection 

20,000 

30,000 

40,000 

station 

Liquid- 

air 

Fuel- 

air 

Liquid- 

air 

Fuel- 

air 

Liquid- 

air 

Fuel- 

air 


ratio 

ratio 

ratio 

ratio 

ratio 

ratio 

1 

0.063 

0.026 

0.065 

0.026 

0.048 

0.025 

2 

.046 

.025 

.044 

.024 

.043 

.026 

3 

.10 

.028 

.097 

.028 

.066 

.026 

A 



.129 

.036 

.020 

.094 

.031 

.021 

Bo water 


.019 




injection 








2. vater injeotlon at stations 1 or 2, no indications of 
liquid vater at the oombustor outlet vere present. 

3. With water injection at stations 3 or 4, liquid water passed 
■hhmiigii the oombustor when the total liquid-air ratio exceeded a 
value of about 0.07 in the altitude range investigated. 

4. The results indicated that water injection at or near sta- 
tion 3 made possible the attainment of the highest total liquid-air 
ratios for the conditions at which ■Wie ocanbustor-outlet teng^ratures 
vere attained and no liquid water appeared at the oombustor outlet. 


Lewis Fli^t Propulsion Laboratory, 

national Mvisory Conmlttee for Aeronautics, 
Cleveland, Ohio. 
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Total llquld-alr ratio 
(c) Water Injection at station 3, 

Figure 4. — Continued. Effect of altitude on total liquid— air ratio 
and on fuel-air ratio with and without water injection in can-type 
combustor operating at simulated conditions of zero ram and 7600 rpm. 
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Figure 5. - Effect of altitude 
water injection at various s 
for can-type combustor opera 
and 7600 rpm. 
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1485° F; without water Injection. 
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average xemperaxure. 


1451° F; at water- Inject I on limit: water 

flow, 129 pounds per hour; I Iquid-to-ai r 
ratio, 0.0446. 




( c) Altitude, 30,000 feet; average temperature, 
1483° F; without water Injection. 


Altitude, 30,000 feet; average temperature, 
1427° F; at water- inject I on limit; water 
flow, 299 pounds per hour; 1 1 qu id-to-al r 


Figure 6. - Temperature-distribution pattern for limiting water-injection conditions at station I and 
operating conditions required to obtain same temperature rise with fuel alone at simulated engine 
speed of 7600 rpm and zero ram. 
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(f) Altitude, 20,000 feet; average temperature, 
1512° F; at water- Inject Ion limit: water 

flow, 4.20 pounds per hour; iiquid-to-air 
ratio, 0.0625. 






pig^rg 5 , _ Concluded. Temperature-distribution jattern for limiting water— Injection conditions at 
station I and operating conditions required to obtain same temperature rise with fuel alone at sim- 
ulated engine speed of 7600 rpm and zero ram. 


A 


NACA RM No. E8F28 



z 1 ‘rCr q 7-1- 



(a) Altitude, 45,000 feet; average temperature, (bl Altitude, 45,000 feet; average temperature, 
1429^ F; without water injection. 1421° F; at water-Injection limit; water 



Ic) Altitude, 30,000 feet; average temperature, (dl Altitude, 30,000 feet; average temperature, 
1668° F; without water Injection. 1473° F; at water-injection limit: water 

flow, 221 pounds per hour; I IquI d-to-ai r 
ratio, 0.0432. 

Figure 7. - Temperature-distribution pattern for limiting water-injection conditions at station 2 and 
operating conditions required to obtain same temperature rise with fuel alone at simulated engine 
speed of 7600 rpm and zero ram. 
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(e) Altitude, 20,000 feet; average temperature. If) Altitude, 20,000 feet; average temperature, 
1494° F; without water Injection. 1489° F; at water-injection limit: water 

flow, 335 pounds per hour; I I qu I d-to-al r 
ratio, 0.045. 

Figure 7. - Concluded, Temperature-distribution pattern for limiting water-injection conditions at 
station 2 and operating conditions required to obtain same temperature rise with fuel alone at sim- 
ulated engine speed of 7600 rpm and zero ram. 
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la) Altitude, 40,000 feet; average temperature, lb) Altitude, 40,000 feet; average temperature, 
1528° F; without water injection. 1383° F; at water- inject ion limit: water 

flow, 317 pounds per hour; I i qu I d-to-ai r 
ratio, 0.07. 





(c) Altitude, 35,000 feet; average temperature. Id) Altitude, 35,000 feet; average temperature, 
1479° F; without water injection. 1430° F; at water- inject ion limit: water 

flow, 546 pounds per hour; i iqu i d— to— ai r 
ratio, 0.084. 

Figure 8. - Temperature-distribution pattern at station 3 for iimiting water-i nject ion conditions 
and operating conditions required to obtain same temperature rise with fuel alone at simulated 
engine speed of 7600 rpn. (Pattern for ill and (j) were unobtainable without water Injection.) 
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F; without water Injection. 


i^\ ai + '+ii^a 07 Rnn -f AA*!* ■ AVArartA t AmoA TAilli T6. 
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I4I6° F; at water- inject ion limit: water 

flow, 098 pounds per hour; I iquid-to-ai r 
ratio, 0.099. 





(g) Altitude, 22,500 feet; average temperature, (h) Altitude, 22,500 feet; average temperature, 
1432° F; without water injection. 1326° F; at water-injection limit: water 

flow, 1205 pounds per hour; i 1 qu i d-to-ai r 
ratio, 0.1086. 

Figure 8. - Continued. Temperature— di stri but I on pattern at station 3 for limiting water- i njecti on 
conditions and operating conditions required to obtain same temperature rise with fuel alone at 
'simulated engine speed of 7600 rpm. (Patterns for (i) and (jl were unobtainable without water 
i njection. 1 
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Altitude, 15,000 feet; average temperature, 
1535® F; at water- inject ion limit: water 

fiow, 1005 pounds per hour; 1 Iquid-to-ai r 


ratio, 0.0742. 


Altitude, 15,000 feet; average temperature, 
1452° F; at water-injection iimit: water 

flow, 1088 pounds per hour; liquld-to-air 
rat i 0 , 0. 0783. 




i 


Figure 8. - Concluded. Temperature-distribution pattern at station 3 for limiting water-1 njecti on 
conditions and operating conditions required to obtain same temperature rise with fuel alone at 
simulated engine speed of 7600 rpm, (Patterns for (11 and (j) were unobtainable without water 
injection. 1 
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(aJ Altitude, 35,000 feet; average temperature, 
14-79® F; without water injection. 


Altitude, 35,000 feet; average temperature, 
1479® F; at water-lnj act i on limit; jwater 




fiow^ 827 pguMuS p©r nour; liquiu— 1 . 0 — 
rat lo, 0. I I95w 
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Figure 9. - Temperature-distribution pattern for limiting water-injection conditions at station 4 and 
operating conditions required to obtain same temperature rise with fuel “* 

speed of 7600 rpm and zero ram. 
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(c ) "Altitude, 30,000 feet; average temperature, 
1526° F; without water Iniection, 


Altitude, 30,000 feet; average temperature, 
1532° F; at wate r— I nj ect I on limit! water 
flow, 1200 pounds per hour; I iquid-*to-*al r 
ratio, 0.1346. 




Figure 9. - Concluded. Temperature-distribution pattern for limiting water-injection conditions at 
station 4 and operating conditions requi red to obtain same temperature rise with fuel alone at sin 
ulated engine speed of 7600 rpti and zero ram. 
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